The rise of multidrug-resistant pathogens and the dearth of novel antibiotic development means that breakthrough strategies that go beyond the classical antibiotic mechanism are urgently required to fight this approaching human health cataclysm. Herein, inspired by the metabolism cascade of pathogens and the clearance of infection by the host immune system, a new three-step strategy is reported to achieve combination therapy of biomaterial-centered infections. Band-structure-tunable cobalt doped TiO 2 semiconductor can effectively restrain bacterial biofilm formation and enhance phagocytosing and killing of bacteria by immune cells. Released Nowadays it is increasingly necessary to understand the interaction mechanism between biomaterials and host tissues in a more sophisticated manner. Biomaterial-centered infections involve the interactions among biomaterials, bacteria/biofilms, and host innate immunity in the local environment. (Fig. S1-S34) , tables (Tables S1-S5) rsc.li/materials-horizons
Nowadays it is increasingly necessary to understand the interaction mechanism between biomaterials and host tissues in a more sophisticated manner. Biomaterial-centered infections involve the interactions among biomaterials, bacteria/biofilms, and host innate immunity in the local environment. 1, 2 In this context, it is highly required to investigate the impact of biomaterials on innate immunity more than the mere relationship between bacteria/biofilms and biomaterials. It is believed that the inflammatory response is highly beneficial for the host innate immune defense against bacterial infection; macrophages and neutrophils are important innate immune cells, and play a central role as effector cells in the immune response by initiating and maintaining inflammation. 3 Therefore, strategies that can incorporate, modulate, and even encourage the host immune response could provide a new paradigm for biomaterial-centered infection therapy. This may be manipulated via the modification and functionalization of biomaterials. 4, 5 For example, in response to varied tissue microenvironment cues, highly plastic macrophages can switch phenotypes and functions to the classically activated proinflammatory M1 and alternatively activated antiinflammatory M2 forms, 6 and the macrophage polarization can be modulated by the physical and chemical cues of biomaterials. 7, 8 It has been reported that biofilms can impair host innate immunity through skewing macrophages to the M2 phenotype and inhibiting the inflammatory reaction around the infective site, thereby impairing the clearance of bacteria by immune cells.
Therefore, modulating the macrophage polarization response to biomaterials may be a promising strategy for eliciting desired outcomes of biomaterial-centered infection therapy. In fact, bacteria are exposed to a rapid and profound host innate immune response characterized by the recruitment of neutrophils and macrophages to sites of infection; these cells are essential for the initiation and execution of the inflammatory response and subsequent resolution of infection. 10 Furthermore, an in-depth understanding of the mechanism underlying the immune response mediated by biomaterials would aid in the development of novel biomaterials that can create a beneficial host immune microenvironment for combating bacterial infection. Extracellular electron transfer (EET) is the description of the bacterial bioelectrochemical process that electrons are transferred from the cytosol to the cellular exterior. 11, 12 Redox-active minerals are abundant in soils and in aquatic or subsurface sediments; they can electrically support bacterial growth by serving as electron sinks for heterotrophy-based respiration. 13, 14 Such minerals include the solid oxides/hydroxides of Fe(III) and Mn(IV) 15 17 Inspired by these biological processes, we hypothesize that (i) tuning the band structure of the TiO 2 semiconductor by cobalt doping can inhibit bacterial biofilm formation through interrupting extracellular electron transfer and proton transfer by acting as extracellular electron acceptors, (ii) innate immune cells e.g. macrophages and neutrophils can destroy the biofilm-formation-blocked bacteria using the divide-and-conquer strategy, and (iii) released cobalt ions can reinforce the antibacterial function of innate immune cells when maintaining biocompatibility. We demonstrate herein the capability to modulate the behaviors of bacteria and innate immune cells on cobalt-doped TiO 2 coating by facile plasma modification, thereby leading to combination therapy for biomaterial-centered infections. The samples were prepared using a plasma electrolytic oxidation (PEO) apparatus. The preparation parameters are shown in Table S1 (ESI †). The pristine sample was undoped TiO 2 coating (TiO 2 :Co-0), while a series of Co-doped TiO 2 coatings (TiO 2 :Co-0.5, TiO 2 :Co-1, TiO 2 :Co-2, TiO 2 :Co-4) were acquired by tuning the Co dopant concentration. Surface morphologies of the samples were determined by scanning electron microscopy (SEM). TiO 2 :Co-0 had a homogeneous porous coating on its surface with smooth morphology at higher magnification (inset) and Co doping did not sharply change the surface topographies of the coatings (Fig. 1A) . Crystal structures of the samples were characterized by X-ray diffraction (Fig. 1B) shrink of the c-axis. Table S4 (ESI †) lists the biological redox potentials (BRP) for the redox couples in the electron transfer system of the respiration chain located on the bacterial membrane (ESI †) and they are depicted in Fig. 2D according to the conversion equation of standard hydrogen electrode (E1, V) and absolute potential level (E, eV) as: E1 = À4.44 À E, 27 in the range of À4.12 to À4.84 eV. The BRP range is also indicated in Fig. 2C To test our hypothesis, we first explored the in vitro antibacterial performance of doped samples. As shown in Fig. 3A , the viability of adhering MRSA (methicillin-resistant Staphylococcus aureus) was visualized by live/dead fluorescence staining after being cultured on samples for 24 h. The green fluorescence intensity for live MRSA sharply decreased with incremental Co doping content, demonstrating the significant inhibition effect on bacterial biofilm formation; meanwhile, the red fluorescence intensity for dead MRSA increased clearly, thereby indicating the apparent loss of MRSA viability when in contact with doped samples (especially on TiO 2 :Co-2 and TiO 2 :Co-4). The morphology of adhering MRSA and their biofilm production on samples were further examined by SEM. A large number of MRSA were adhering on TiO 2 :Co-0 with a continuous dense biofilm totally covering the surface micropores. By contrast, the number of adhering MRSA was significantly reduced on the doped samples upon increasing the Co content, thereby showing the sharply inhibited biofilm formation (especially on TiO 2 :Co-2 and TiO 2 :Co-4). Hence, the SEM observations agreed well with the live/dead staining results. To quantify the number of adhering MRSA on the samples, the spread plate method was utilized and the average Log 10 CFU per ml values (Fig. 3B ) were in the order of Co-1 (P o 0.05). In addition, broadspectrum biofilm inhibition capability was ascertained by using Staphylococcus epidermidis (S. epidermidis, Fig. S10 -S12, ESI †), Pseudomonas aeruginosa (P. aeruginosa, Fig. S13 -S15, ESI †) and Escherichia coli (E. coli, Fig. S16 -S18, ESI †). We sought to establish whether doped samples could modulate the expression levels of biofilm-related genes to block biofilm formation and development. By virtue of quantitative polymerase chain reaction (qPCR) analysis, the expression levels of fnbA and fnbB genes participating in MRSA biofilm formation are shown in Fig. 3C and D. TiO 2 :Co-0.5 can effectively inhibit the fnbA gene expression (P o 0.05), which was further remarkably downregulated on doped samples (P o 0.01) with incremental Co content. Regarding TiO 2 :Co-2 and TiO 2 :Co-4, the statistical difference even ascended to a value of P o 0.001 compared with other groups, especially for the fnbB gene expression. Similar results were also obtained by analyzing the expression levels of biofilm-related genes icaA and icaR for S. epidermidis (Fig. S19 , ESI †). Therefore, it is concluded that the expression inhibition of biofilm-related genes resulted in the blocked biofilm formation on the doped samples. Prior to in vivo study, the biocompatibility was evaluated in vitro on rat bone mesenchymal stem cells (rBMSCs). Fig. 3E displays the fluorescence staining images of the actin cytoskeleton (green) and cell nuclei (blue) of rBMSCs after 24 h culture on the samples. The rBMSCs can adhere and spread very well with polygonal morphology and abundant actin on TiO 2 :Co-0, TiO 2 :Co-0.5, TiO 2 :Co-1 and TiO 2 :Co-2; however, apparently fewer rBMSCs can adhere on TiO 2 :Co-4. Fig. 3F and G show the cell viability results using a Cell Counting Kit-8 (CCK-8) assay. At day 1 and 3 of culture, the rBMSCs maintained high viability on TiO 2 :Co-0.5, TiO 2 :Co-1 and TiO 2 :Co-2 with negligible cytotoxicity. Nevertheless, TiO 2 :Co-4 caused significant toxicity to rBMSCs in comparison with other groups (P o 0.001). SEM observations also showed that, apart from TiO 2 :Co-4, the majority of sample surfaces (even micropores) were covered by the spreading rBMSCs (Fig. S20, ESI †) . These concordant results indicated the excellent biocompatibility of the doped samples except TiO 2 :Co-4. In accordance with the endosymbiotic theory (symbiogenesis), eukaryotic mitochondrion is an analogue of prokaryote bacteria. However, the electron transport chain of mammalian cells for respiration is located in the intracellular mitochondria. As a result, the electron transport chain is not interrupted and the mammalian cells can survive on the doped samples. In fact, previous work showed that a low content of Co 2+ (o5 at%) incorporation into a mesoporous bioactive glass (MBG) scaffold had no significant cytotoxicity and dramatically promoted angiogenesis and osteogenesis, 28 which supported our work very well since the (Table S2 , ESI †). After confirming the favorable biocompatibility of TiO 2 :Co-0, TiO 2 :Co-0.5, TiO 2 :Co-1 and TiO 2 :Co-2, we next explored their in vivo anti-infectious performance. A femoral osteomyelitis model was established on rats using MRSA. Fig. 4A shows the X-ray images of femurs. At week 0 (the 2nd day post surgery), there were no radiographic signs of osteolysis or periosteal reaction detected in each group. Nevertheless, at week 2, we detected the apparent radiographic signs of osseous destruction (blue arrow) and periosteal reaction (red arrow) around TiO 2 :Co-0 and the slight situations for TiO 2 :Co-0.5, while little osteolytic lesions were detected around TiO 2 :Co-1 and TiO 2 :Co-2. At week 4 post surgery, the osteolysis exacerbation and periosteal reaction progress indicated the development of bacterial infection around TiO 2 :Co-0, while other groups especially TiO 2 :Co-2 showed relatively mild osseous destruction or periosteal reaction. Micro-CT analyses were further performed at week 4 post surgery to validate the radiographic results. As seen in (Fig. 4C ) and cortical bone mineral density (Fig. 4D) , they showed the ascending trend in order of TiO 2 :Co-0, TiO 2 :Co-0.5, TiO 2 :Co-1 and TiO 2 :Co-2. Compared with TiO 2 :Co-0 and TiO 2 :Co-0.5, TiO 2 :Co-1 and TiO 2 :Co-2 can produce the statistical differences of P o 0.05 and P o 0.01, respectively. To visualize femur histopathological change and bacterial residue, hematoxylin and eosin (H&E) staining and Giemsa staining were conducted as shown in Fig. 4E . We observed from H&E staining for TiO 2 :Co-0 conspicuous cancellous bone destruction, intramedullary abscess and inflammatory cell infiltration at the bone-implant interface, as the typical indicators of femur infection; meanwhile, Giemsa staining indicated many bacterial residues in the intramedullary tissue. By contrast, TiO 2 :Co-0.5 displayed slight bone destruction, moderate abscess lesion and less inflammatory cell infiltration as well as decreased bacterial residues. Regarding TiO 2 :Co-1 and especially TiO 2 :Co-2, they can contribute to the mildest bone infection and fewest bacterial residues. Fig. 4F shows the number of bacterial colonies dislodged from implants in the order of TiO 2 :Co-2 o TiO 2 :Co-1 o TiO 2 :Co-0.5 o TiO 2 :Co-0 with a statistical difference among groups of P o 0.01. For TiO 2 :Co-2, the difference can increase to P o 0.001 versus TiO 2 :Co-0.5 or TiO 2 :Co-0. Therefore, with Co content increase, doped samples can significantly decrease the adhering bacterial burden. We also assayed the bacterial burden from powder bone of each group and obtained a similar trend of CFU number in the femur (Fig. 4G ). TiO 2 :Co-2 can even exhibit a statistical difference of P o 0.01 versus TiO 2 :Co-1. Hence, Co doped samples can also exert a powerful inhibition effect on planktonic bacteria in periimplant femur. Besides, although the mechanical properties of the coating samples decreased slightly after the in vivo study, they can maintain good mechanical properties in the in vivo environment (Fig. S33 and S34, ESI †) .
Encouraged by the excellent in vivo anti-infectious outcome, we further tested whether Co doped samples can combat planktonic bacteria in vitro. As verified in the ESI, † doped samples have much more inferior inhibition capability on planktonic MRSA (Fig. S21 and S22 , ESI †), S. epidermidis (Fig. S23 and S24, ESI †), P. aeruginosa (Fig. S25 and S26 , ESI †) and E. coli ( Fig. S27 and S28 , ESI †). Although a very low concentration of Co ions can be released from the doped samples (o3 ppm within 8 weeks, Fig. S29 , ESI †), the Co element itself has no strong antibacterial property [29] [30] [31] and Co ions released from the MBG scaffold (B17.5 ppm within 1 week) did not show any antibacterial effect and had to load ampicillin to kill bacteria. 28 Therefore, some other mechanism should account for the excellent suppressive effect on planktonic bacteria in vivo. We thus conclude that the anti-biofilm capability of doped samples is irrelevant to the release of Co ions, but strongly dependent View Article Online on the tailorable band structure of TiO 2 by Co doping. Scheme 1A illustrates the extracellular electron transfer process along the bacterial membrane respiration chain through a sequence of highly redox-active transmembrane protein complexes ( Fig. 2D and Table S4 , ESI †). It is reasonable that electron leakage from the electron transfer chain should endanger bacterial energy metabolism and life activity. From the biomimetic viewpoint, Co doped TiO 2 can serve as an extracellular electron acceptor like natural redox-active Fe(III) and Mn(IV) minerals. Upon physical contact with a bacterium, doped TiO 2 can extract electrons from the respiration chain by acting as an electron sink or trap to ''short-circuit'' the EET chain, as illustrated in Scheme 1B; such extraction is destructive and energetically favorable driven by redox potentials. 32, 33 To further clarify this process, we draw the energy band diagram of the interaction of the bacterial EET chain with undoped TiO 2 (Scheme 1C) and Co doped TiO 2 (Scheme 1D). As a result of the overlap of the CB minimum with the BRP range, undoped TiO 2 can hardly extract electrons from the EET chain and perturb BRP. In contrast, Co doped TiO 2 can spontaneously extract electrons from the EET chain and disrupt BRP, thereby interrupting the EET chain. And as verified herein, the larger the gap between the CB minimum and BRP minimum is, the more powerful the interface electron trap and the EET chain interruption will be. Parallel to the EET process, extracellular proton transfer can generate proton motive force across the bacterial membrane; these protons will re-enter the bacterium interior through adenosine triphosphate (ATP) synthase and the transmembrane proton movement will release energy to synthesize ATP (Scheme 1A). 34 In this context, the interruption of bacterial proton transfer can hinder the ATP synthesis. It is well known that the TiO 2 semiconductor has been widely used for water splitting and hydrogen (H 2 ) production. 35, 36 Hydrogen can strongly influence the structural and electronic properties of a wide range of as-doped host materials including semiconductors, insulators and even aqueous solutions. 37 Considering the fact of the electrostatic attraction between electrons and protons, the extracted electrons by TiO 2 :Co from a bacterium will accumulate in the titania layer (electron transfer); such excess electrons will thereafter electrostatically attract the protons surrounding the bacterial membrane especially ATP synthase to penetrate into the titania layer (proton diffusion), thereby generating a hydrogenated surface titania layer (hydrogenation). A recent study showed experimentally and theoretically that a self-hydrogenated shell was produced first on the TiO 2 surface before forming H 2 bubbles; this shell was generated through the subsurface diffusion of photo-reduced water protons at the aqueous TiO 2 interface and can improve H 2 production by lowering the activation barrier of H-H bond formation. 38 Excess electrons at the aqueous anatase TiO 2 (101) interface are able to trigger water splitting and trap protons into a stable hydrogenated surface. 39 Interestingly, as shown in Fig. 1B , the designed coating mainly contained anatase TiO 2 phase with a large percentage of (101) facet. For a spontaneous photoelectrochemical water splitting process, the oxygen and hydrogen reactions must lie between the CBM and VBM of the TiO 2 semiconductor, i.e. having a CBM higher than the H 2 /H 2 O level (À4.44 eV) and a VBM lower than the H 2 O/O 2 level (À5.67 eV). 35, 36 We have indicated the standard levels of H 2 production and H 2 O oxidation in Fig. 2C (dotted lines). Except TiO 2 :Co-0, the CBM of doped TiO 2 is increasingly lower than the H 2 /H 2 O level with incremental Co doping content. Therefore, H 2 production is theoretically impossible at the bacterium-TiO 2 :Co interface, and we have verified this by gas chromatography-mass spectrometry analysis. Since hydrogenation can enhance the electrical conductivity of TiO 2 :Co coating, 40 this will further facilitate the electron transfer to the adjacent coating and subsequent proton diffusion. The proposed hydrogenation process can be illustrated in Scheme 1E. As a consequence, Co doping can tailor the band structure of TiO 2 and interrupt the extracellular electron transfer and proton transfer; this will impede bacterial ATP synthesis and energy metabolism, thus contributing to the inhibited biofilm formation on the TiO 2 :Co coating. Due to the excellent repression effect on planktonic bacteria in vivo and the inconsistency in vitro, we then sought to assess whether innate immune cells (macrophages and neutrophils) could be involved in eradicating bacteria. Fig. 5A and B shows the cellular viability results of RAW 264.7 macrophages using CCK-8 assay. At day 1 and 3 of culture, RAW 264.7 sustained higher viability on TiO 2 :Co-0.5 and TiO 2 :Co-1 than TiO 2 :Co-0, and TiO 2 :Co-2 had no significant cytotoxicity. However, TiO 2 :Co-4 exerted apparent cytotoxicity to RAW 264.7 at day 1 (P o 0.001) and day 3 (P o 0.01). Fig. 5C indicates the labelling of the activated macrophages using immunofluorescence staining (M1, green for iNOS positive; M2, red for Arg1 positive). Incremental activated M1 macrophages were observed in TiO 2 :Co coating at day 1 and 3, and the proportion of M1 macrophages increased with Co doping content (Fig. 5C and Fig. S30, S31 , ESI †), revealing that released Co 2+ ions can boost the activation of M1 macrophages in a dose-dependent manner. View Article Online Fig. 5D -G give the concentrations of TNF-a, IL-6, IL-10, and IL-4 cytokines in the supernatants using ELISA at day 1, 2, and 3. Overall, the secretion of inflammatory cytokines (TNF-a and IL- Fig. 6E shows that the number of phagocytosed MRSA in neutrophils increased gradually with the incubation period; furthermore, at each time point, TiO 2 :Co coating contributed in a dose-dependent manner to the stronger phagocytic activity of neutrophils with a larger number of engulfed MRSA. This was in accordance with the MRSA phagocytosis by macrophages. Therefore, it is clear that TiO 2 :Co coating can reinforce the phagocytosis of MRSA by neutrophils in human blood. When phagocytes sense a local infection, they emigrate from blood vessels and migrate actively through tissue to the infection site in a well-controlled fashion. Once arrived, phagocytes avidly phagocytose bacteria and kill them intracellularly by releasing reactive oxygen species (ROS) and bactericidal products contained within granules. 45 In the meantime, bacteria produce toxins e.g. leukocidin to combat phagocytes. 3 Therefore, an increase in the capability to phagocytose or kill bacteria will contribute to a reduced risk of infection. 47 As a result, the generated O 2 À and OH radicals can enhance the ability of phagocytes to kill bacteria. Bacteria form biofilms to resist leukocytes due to a lack of penetration of leukocytes into bacterial biofilms and a reduced capability of phagocytes to kill biofilm-encased bacteria. A mature biofilm has a dense polymeric matrix that is difficult to engulf by phagocytes, which leads to the 'frustrated phagocytosis'. 9, 48 The biofilms can skew the host innate immune response from a proinflammatory bactericidal response to an antiinflammatory profibrotic response, 9 and shift macrophage polarization from the M1 to M2 phenotype. 49 Therefore, using the biofilm formation strategy, bacteria can evade host innate immunity. We have validated that TiO 2 :Co coating can block the formation of bacterial biofilms. It is thus reasonable to speculate that phagocytes (e.g. macrophages, neutrophils) can phagocytose and kill the biofilm-formation-blocked bacteria using a divide-and-conquer strategy because in this situation biofilms cannot well protect bacteria from phagocytes. When bacterial infection occurs, innate immune cells, particularly macrophages, will be first recruited to the site of infection and polarize to the proinflammatory M1 phenotype, secrete cytokines to boost inflammation reaction, and then phagocytose and kill bacteria. 50 We have verified that the majority of macrophages in the On the other hand, it was observed in vivo that TiO 2 :Co-1 and TiO 2 :Co-2 showed beneficial osseointegration. As an essential element in human physiology, cobalt has been verified to promote osteogenesis and angiogenesis/vascularization. 28, 54 Hypoxia-inducible factor (HIF) plays a central role in the cellular adaptation to low oxygen availability. In normoxia, HIF-a is targeted for rapid degradation upon prolyl hydroxylation by HIF prolyl-hydroxylases (PHDs). 55 PHDs need oxygen and act as primary oxygen sensors in the cell repertoire. Reduced oxygen levels will impair PHDs and stabilize HIF-a. 56, 57 Under hypoxic conditions, the hydroxylation of HIF-a can be decreased and lead to the transactivation and induction of HIF-a target genes, 58, 59 thereby in favour of neovascularization and bone regeneration in wound healing responses. As a result, inhibition of PHDs can View Article Online stabilize HIF-a in bone and wound tissues, enhance neovascularization, and further promote bone repair and wound healing. It has been suggested that the activation of HIF forms the base for ischemic tolerance. [60] [61] [62] Cobalt chloride (CoCl 2 ) is a hypoxia mimetic agent possessing the capability to upregulate the HIF level by inhibiting PHDs (i.e. inhibiting the prolyl hydroxylation of HIF), 57, 59 thus having the ability to enhance vascularization and bone formation. Cobalt can induce ischemic tolerance in a variety of tissues and cells, and thereby endow tissues with resistance to subsequent ischemia/hypoxia through HIF activation. 60, 63 The hypoxia will increase the expression of pro-angiogenic factors (e.g. VEGF) by BMSCs that are able to improve angiogenesis/vascularization in ischemic tissues 64, 65 and osteogenesis. 66 Therefore, the observed favorable osseointegration in vivo may be attributed to the effect of released Co on the inhibition of PHDs.
Conclusions
In summary, we devised a novel three-step strategy for biomaterialcentered infection combination therapy based on Co doped TiO 2 semiconductor. The first step is that Co doping can tailor the band structure of TiO 2 to serve as extracellular electron acceptors; in this way TiO 2 :Co can interrupt extracellular electron transfer and proton transfer, and bacterial energy metabolism, thereby able to block bacterial biofilm formation. Secondly, innate immune cells e.g. macrophages and neutrophils can adopt divide-andconquer tactics to annihilate the biofilm-formation-blocked bacteria. In the meantime, TiO 2 :Co can release Co 2+ ions to create a proinflammatory microenvironment, and potentiate the ability of phagocytes to phagocytose and kill bacteria, thus leading to the enhanced antibacterial capability of innate immune cells. We anticipate that this design concept of infection combination therapy can be applied to develop other advanced antibacterial biomaterials and find wide applications in antibacterial research.
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